Previous studies have shown inconsistent results regarding the actions of antidepressants on glucocorticoid receptor (GR) signalling. To resolve these inconsistencies, we used a lentiviral-based reporter system to directly monitor rat hippocampal GR activity during stress adaptation. Temporal GR activation was induced significantly by acute stress, as demonstrated by an increase in the intra-individual variability of the acute stress group compared with the variability of the non-stress group. However, the increased intra-individual variability was dampened by exposure to chronic stress, which was partly restored by fluoxetine treatment without affecting glucocorticoid secretion. Immobility in the forced-swim test was negatively correlated with the intra-individual variability, but was not correlated with the quantitative GR activity during fluoxetine therapy; this highlights the temporal variability in the neurobiological links between GR signalling and the therapeutic action of fluoxetine. Furthermore, we demonstrated sequential phosphorylation between GR (S224) and (S232) following fluoxetine treatment, showing a molecular basis for hormone-independent nuclear translocation and transcriptional enhancement. Collectively, these results suggest a neurobiological mechanism by which fluoxetine treatment confers resilience to the chronic stress-mediated attenuation of hypothalamic-pituitary-adrenal axis activity.
INTRODUCTION
The glucocorticoid receptor (GR) has a key role in the stress system by functioning to maintain molecular, cellular and systemic homeostasis. 1, 2 Dysfunctions in the GR have been implicated in the pathogenesis of depression. 3, 4 Antidepressant medications are known to normalize hypothalamic-pituitary-adrenal axis activity by restoring GR function, [5] [6] [7] but the results regarding the effects of antidepressants on in vivo GR activity remain inconsistent and controversial. For example, fluoxetine is reported to increase, 8, 9 decrease 10 or have no effect 11, 12 on GR expression. The mechanistic action of GR as a transcription factor involves sequential steps: upon binding to glucocorticoids (GCs) released from the adrenal cortex in response to stress, the GR undergoes a conformational change and translocates to the nucleus, where it modulates the expression of diverse target genes via binding to specific GC response elements (GREs) proximal to gene promoters. 13, 14 Considering this complex process, simple quantification of GR expression may not accurately reflect GR function. An integrative approach, such as measuring in vivo GR transcriptional activity, is necessary to clearly establish the relationship between GRs and the pharmacological effects of antidepressants.
Using live-cell imaging, Hagar's group demonstrated dynamic GRE binding activation coupled to the ultradian mode of hormone stimulation. 15 This implies that GR function has been optimized to accurately regulate its target genes during hormonal changes. In line with this, in vivo studies using end-point analyses revealed oscillating target gene transcription synchronous with corticosterone (CORT) pulses in the adrenalectomized (ADX) model. 15, 16 Although these findings imply that the dynamics of GR signalling are important, most of the current research has focused on the consequent changes of GR signalling. In the end-point analyses, however, experimental variation derived mainly from interindividual differences contributes significantly to the observed overall variation. 17 Thus, it is difficult to assess whether true dynamics exist on the basis of the results of studies examining consequent changes of GR signalling.
The hippocampus reportedly has essential roles in the stress response, 18 sleep behaviour, 19 major depressive disorder 20, 21 and cognitive functions. 22 Especially, a recent study on dorsal CA1 damage showed memory impairments only when the temporal processing demands were increased, 23 suggesting an association with time-dependent brain functions. Thus, we targeted the dorsal CA1 as an anatomically logical region where the GR is highly expressed to study the temporal response of GR signalling in response to stress.
In the present study, we aimed to examine the association between the antidepressant fluoxetine and GR dynamics by analysing intra-individual variability 24 of GR activity in the CA1 region of the hippocampus. This is important, as resilience has been conceptualized as a dynamic process. 25, 26 We used a lentiviral-based reporter to temporally monitor GR activation in live rats following stress ± fluoxetine treatment. We further investigated the molecular mechanisms underlying the therapeutic action of GR dynamics by assessing GR nuclear translocation and its corresponding phosphorylation status.
MATERIALS AND METHODS

Construction of lentiviral-based reporters
Four lentiviral-based reporter vectors were constructed in this study (Supplementary Figure 1) . For the GRE-luciferase reporter gene (GRE-Luc), a BamHI/EcoRI fragment containing the 5 × GRE-adenovirus intermediate early promoter and luciferase derived from pGRE-Luc 14 was replaced with enhanced green fluorescence protein (EGFP) cDNA in the pWPXL transfer vector (a kind gift from Dr Didier Trono, Geneva, Switzerland), and the elongation factor 1α promoter was eliminated by restriction digestion with SalI and XhoI (New England Biolabs, Ipswich, MA, USA). A chicken β-globin insulator (kindly provided by Dr Tisdale) 27 was inserted in front of the promoter region at the XbaI site to increase the specificity of the 5 × GRE enhancer. The basal-Luc reporter (ΔGRE-Luc), a negative control for GR signalling, was produced by deleting the 5 × GRE DNA fragment in the GRE-Luc reporter at the BamHI/XbaI sites. The GRE-EGFP reporter was constructed by replacing the luciferase cDNA in the GRE-Luc reporter with the polymerase chain reaction product of EGFP cDNA using a template from pEGFP-C2 (Clontech, Mountain View, CA, USA). The LV-Luc positive control reporter was also produced by replacing EGFP cDNA in the pWPXL with the polymerase chain reaction product of luciferase cDNA. The lentiviral constructs were confirmed by restriction enzyme maps in agarose gels, and by sequencing the ligated regions (Bioneer, Daejeon, Korea).
Animals
In this study, we used male Wistar rats weighing 280-300 g (Japan SLC, Hamamatsu, Japan). The animals were individually housed in transparent plastic cages with wire grid covers under controlled temperatures (22-24°C ) with a 12-h light/dark cycle (lights on from 0800 to 2000 hours). The rats were given at least 1 week to adapt to their environment before the experiments. The Institutional Animal Care and Use Committee at the Korea Basic Science Institute (KBSI-AEC 1109) reviewed and approved this study. All animal procedures were in accordance with the Guide for the Care and Use of Laboratory Animals issued by the Laboratory Animal Resources Commission of KBSI.
Experimental design for hippocampal GR activity analysis
Rats injected with one of the lentiviral reporters (GRE-Luc or ΔGRE-Luc) were tested in three independent experiments. In the first experiment, following 2 weeks of recovery from surgery, the rats were randomly assigned to either a non-stress (NS) or acute stress (AS) group with a 2-h immobilization condition (IMO, typically between 0900 and 1100 hours), which was determined by previous data for GR-mediated transcripts. [28] [29] [30] In the second experiment, 7 days after lentiviral injection, rats were adrenalectomized (ADX) bilaterally and after another 7 days were randomly assigned to two groups; one group was subjected to 2-h IMO stress and the second subcutaneously injected with CORT (3.0 mg kg − 1 in sesame oil; Sigma, St Louis, MO, USA) at a volume adjusted to 1 ml kg − 1 body weight. 31 In the third experiment, thirty rats were exposed daily to 2-h IMO stress for 21 consecutive days during which they were randomly assigned to receive daily injection of either fluoxetine (chronic stress plus fluoxetine (CS+F); 10 mg kg
, intraperitoneal, dissolved in saline solution, Daewoo Pharmaceuticals, Busan, Korea) or 0.9% saline (chronic stress plus vehicle (CS); 1 ml kg − 1 ) 30 min before IMO stress. Following the last chronic injection on day 21, reporter activity was assessed using the IVIS 200 imaging system (Xenogen Corporation, Alameda, CA, USA) before and after the 2-h IMO stress exposure, and then every 2 h after the stress exposure for 6-10 h.
Imaging of in vivo and ex vivo GR activity
We recently reported in vivo visualization of luciferase activity using the bioluminescence imaging (BLI) technique. [32] [33] [34] Fifteen minutes before every BLI, all animals received an intraperitoneal injection of 150 mg kg − 1 D-luciferin (Biosynth International, Naperville, IL, USA) dissolved in Dulbecco's phosphate-buffered saline, and were then anaesthetized in an induction chamber with 2.5% isoflurane in 100% oxygen at a flow rate of 1.0 l min − 1 for 10 min. For the in vivo BLI analyses, three live rats were imaged simultaneously for 5 min using the IVIS system with a 2.0% mixture at 0.5 l min − 1 , and the regions of interest were quantified with photon flux (p/s) using Living Image software v4.2 (Xenogen Corporation). The data represent BLI signals from an individual rat, combined from at least two independent studies. Quantitative BLI for the GRE-Luc reporter was divided by the averaged BLI value for the ΔGRE-Luc control reporter (Supplementary Figure 1) from at least two independent experiments to normalize the temporal increase of luciferase activity (Supplementary Figure 2) . For the ex vivo BLI analyses, after completing the AS, rats were injected with luciferin 15 min before euthanization. The brain was removed and dissected into 1-mm coronal or sagittal segments using a slicer matrix (ASI Instruments, Warren, MI, USA).
RESULTS
Validation of lentiviral-based GR reporters
To visualize GR activity in living rats, we used a lentiviral GRE reporter ( Figure 1a ). The GRE-Luc reporter comprised the firefly luciferase reporter gene under the control of five repetitive GREs (Supplementary Figure 1) , which selectively sensed GR signalling in the hippocampal neuronal cells ( Supplementary Figures 3a  and b) . 35 Similar results were observed with COS-1 cells, which exogenously overexpress mineralocorticoid receptor or GRs by transient transfection (Supplementary Figure 3c) . We also examined in vivo responsivity to stress for the lentiviral Luc reporters including a positive control for luciferase activity (LV-Luc, Supplementary Figure 4 ) and found no effect. These results indicate that our lentiviral reporter system can monitor GR activity induced by stress without interference from intrinsic noise signals.
Hormone-dependent GR activation induced by AS To measure the response of GR activation to stress, we monitored hippocampal GR activity after each 2-h exposure to AS for a period of 8 h, beginning before the stress exposure ( Figure 1b) . GR activity increased immediately after the stress at 0 h post-stress, whereas no change was observed in the NS group (Figures 1c and  e) . The two-way analysis of variance indicated that GR activity was significantly affected by time (F 4,88 = 21.60, P o 0.001) and stress exposure (F 1,22 = 33.58, P o0.001). There was also a significant interaction between time and stress (F 4,88 = 21.58, P o 0.001). The AS group exhibited a 77% increase in average GR activity compared with the average GR activity of the NS group (Figure 1f) . Furthermore, temporal analyses showed a 60% increase in the intra-individual coefficients of variation (iCV; Figure 1g ). The anatomical accuracy of GR activation in hippocampal CA1 neurons was confirmed by ex vivo BLI ( Figure 1d ; t = 0.53, P = 0.60). There was also a significant positive correlation between CORT and GR activity in ADX rats (Supplementary Figure 7d) . Dynamic GR activation restored by fluoxetine treatment To examine the effect of fluoxetine on GR activation, we monitored GR activity following fluoxetine treatments in the CS group (Figure 2a ). There were significant increases in GR activation over time in the CS+F group compared with that in the CS group (Figures 2b and c ; time: F 6,354 = 5.49, P o0.001; treatment: F 1,59 = 50.54, P o 0.001; time × treatment: F 6,354 = 10.09, P o0.001). Significant average GR activity and iCV differences were also discerned between the two groups, with a 33% increase in average GR activity ( Figure 2d ) and a 30% increase in iCV (Figure 2e ) in the CS+F group compared with that in the CS group. To investigate the molecular links to therapeutic effects, we performed the forced-swim test (FST) 2 days after BLI in the CS and CS+F groups. As expected, chronic stress exposure increased the immobility duration in the FST, which was alleviated by chronic fluoxetine treatment (Figure 3a and Supplementary Figure  9 ). In the correlation analysis, a significant and negative correlation was found between the iCV and the retention of immobility (Figure 3b) . However, for the GR activity at 2 h post-stress, no significant difference was found with regard to the retention of immobility duration (Figure 3c ). Similar results were also obtained for the GR activity at the other six time points (Supplementary Figure 10) .
Hormone-independent GR nuclear translocation in response to fluoxetine treatment Next, we tested whether treatment with fluoxetine might affect GR nuclear translocation, even without hormonal induction, which is the step preceding GR transactivation. Triple immunohistochemical staining (Figure 4a ) showed that nuclear translocation was significantly increased at 2 h post-stress in the CS+F group (Figure 4b right; F 2,9 = 9.27, P o 0.01), whereas it was unchanged in the CS group ( Figure 4b left; F 2,9 = 0.28, P = 0.77). From the western blot analysis, we found that the total amount of GR expression was unchanged within (Figure 4c ) and between groups (Supplementary Figure 11 ). These results indicate that GR nuclear translocation involves GR activation in a hormone-independent manner during fluoxetine treatment.
Next, we examined GR phosphorylation (pGR), which is known to modulate GR nuclear translocation. 36 Western blot analyses showed that there was a 36% decrease in pGR (S224) and a 37% increase in pGR (S232) at 2 h post-stress in the CS+F group (Figure 4c, right) , whereas the CS group did not show any significant changes (Figure 4c, left) . Furthermore, a significant positive correlation at 0 h post-stress was found in the CS+F group (Figure 4e) , showing interdependent phosphorylation before GR activation. 37 There was no correlation between the phosphorylated sites at 2 h post-stress (Supplementary Figure 12) . Collectively, these findings suggest that the molecular basis of hormone-independent nuclear translocation involves the sequential phosphorylation of pGR (S224) and pGR (S232), which may have a key role in the delayed GR activation in response to fluoxetine (Figure 4f ).
DISCUSSION
In this study, using an in vivo bioluminescent reporter system, we monitored hippocampal GR activity in rats subjected to immobilization stress. When rats were exposed to a single 2-h immobilization (AS), hippocampal GRs were activated by stressinduced circulating GCs, indicating a functional coupling between GR activity and GCs. This was confirmed using ADX rats, which exhibited hippocampal GR activation if administered corticosteroids, but not if subjected to AS. In contrast, rats subjected to multiple immobilizations (2 h daily for 21 days, chronic stress) showed both dampened adrenal medullary GC secretion and hippocampal GR activation. 30, 38, 39 However, chronically immobilized animals treated with the antidepressant fluoxetine showed increased hippocampal GR activity and iCV in the absence of altered GC secretion. In the FST, immobility retention was negatively correlated with the iCV, but not with GR activity, suggesting that GR dynamics might be of potential therapeutic significance. On the basis of the combined biochemical results of GR nuclear translocation and phosphorylation status, we propose that hormone-independent GR activation is involved in the therapeutic action of fluoxetine. Collectively, our observations of GR activity during fluoxetine therapy provide clear evidence for the neurobiological links between GR signalling and antidepressant action.
One of the conundrums in current stress research is the individual variability in the adaptation to stress. 40 Particularly, the individual variation in in vivo GR activity in response to stress is poorly understood. Our results showed that AS initially induced GR activation with various responses, but it is questionable whether these variations are individual-specific. There are two potential explanations for these observations. The first involves different efficiencies regarding the delivery and cellular uptake of a locally administered lentiviral reporter to targeted cells. In H19-7 hippocampal neuronal cells, however, the correlation between the responses of the GRE-Luc and CORT treatment was strong (r = 0.96, P o 0.05, data not shown), suggesting that the efficacy of the uptake and delivery for the lentiviral reporter is at least partly homogeneous. 41 The second possibility is that individual variations in the GCs' response to stress may be involved with the individual variations in GR activation, as the initial GR activation superimposes on the peak of GCs. Furthermore, strong correlates between GR activity and stress-induced CORT (Figure 1i) , as well as exogenous CORT in ADX rats (Supplementary Figure 7d) , were Schematic representation of GR activation shows how the different processes of GR nuclear translocation affect peak timing. S224 and S232 in rat GR correspond to S203 and S211 in human GR. S224, phosphorylated GR at Serine 224; S232, phosphorylated GR at Serine 232; GC, glucocorticoid; ns, nonsignificant; NTL, nuclear translocation; TA, transactivation. detected in independent experiments, supporting the prediction that CORT has a key role in the individual variability of GR activation as a main determinant for translocation and transcription in the normal stress response.
Our prospective finding was significant in terms of showing the neurobiological variability of hippocampal GR activity during fluoxetine therapy, as well as during the normal response to stress. Alterations in physiological variability are thought to be associated with disease. Particularly, decreased heart rate variability was identified as an indicator of emotional stress in severe depression. 42, 43 In line with this physiological phenomenon, we found attenuated variability in hippocampal GR activity under chronic stress, 38, 39 which was partly restored by fluoxetine therapy. These findings indicate that temporal variability entails both neurobiological and physiological processes to prevent health disturbances after adversity, which can recover from adversity-related mental illnesses by antidepressant therapy. The pathological significance of GR variability is supported by reports that alterations in the dynamic assembly of the GR-chaperone complex have been implicated as vulnerability factors in posttraumatic stress disorder and mood disorders. [44] [45] [46] Moreover, a recent study showed an association between genetic variations in GR function and individual variability in the therapeutic responses to antidepressant-like effects. 47 It is also interesting to note that temporal variability was significantly correlated with immobility in the FST, although this correlation was not statistically significant for quantitative GR activity. Therefore, it seems that the simple changes in GR activity are not as strongly related to depressive behaviours as is its variability. Such findings may explain the contrastive results of forebrain GR-knockdown transgenic mouse studies, which show an impaired behavioural response to stress with hypothalamic-pituitary-adrenal axis dysregulation. 18, 48 Simultaneously, transgenic mice with overexpressed GRs also display a significant increase in anxiety-and depression-like behaviours. 49 Another prospective finding was hormone-independent GR activation during fluoxetine therapy. Hormone assays at each time point showed functional coupling between the GC pulses and GR activation in the normal stress response, which was confirmed in an ADX model administrated with a single injection of GC. This coupling corroborates the findings of studies on GR-targeted nascent RNA expression 16 and GRE binding activity, 15 indicating that the primary secretion of GC has a key role in dynamic GR activation during normal stress adaptation. However, it is unlikely that this functional coupling underlies the molecular actions of fluoxetine, as no GC induction was observed despite activation of the GR reporter during fluoxetine treatment. In agreement with these findings, we showed that fluoxetine treatment had no effect on retention of acquired immobility in the second test session (Supplementary Figure 9) , corresponding to the blunted CORT response to fluoxetine. 50 These findings indicate that GCs are not necessary for the therapeutic action of fluoxetine. 51, 52 Nevertheless, significant nuclear translocation corresponding to the GR activation was detected in our study. This hormoneindependent translocation was reported by an in vitro study, in which the antidepressant desipramine induced GR nuclear translocation in the absence of corticosteroids. 53 Further investigation of the GR phosphorylation status showed that sequential S224 and S232 phosphorylation was involved in GR nuclear translocation. pGR (S224) is known to stimulate S232 phosphorylation to increase GR transcriptional activity, [54] [55] [56] suggesting that the phosphorylation of GR (S224) could be an initial target for the therapeutic effect of fluoxetine. Meanwhile, a recent study reported that phospholipase C and protein kinase C signalling have a key role in the modulatory effect of antidepressants on GRinduced gene transcription, 57 suggesting the involvement of other signalling mechanisms along with GR phosphorylation. Thus, ongoing studies are focused on establishing how these signalling pathways might be linked to the phosphorylation status of GRs during fluoxetine therapy by performing temporal analyses of their associations. Our findings, clearly reflective of the hormoneindependent pathway, provide some clues for understanding the molecular mechanisms that are potentially involved in the therapeutic action of fluoxetine on GR dynamics.
The strength of this study is the temporal analysis of GR activity in vivo using a lentiviral reporter system. Additional advantages of the lentiviral reporter include: (i) the integrative readouts of in vivo GR function; (ii) the detection of GR-specific activity without interference from mineralocorticosteroid receptor signalling; (iii) the accurate quantification of GR activity by luminescent enzymatic reporters; (iv) anatomical localization by stereotaxic injection of the reporter; and (v) rapid and easy measurement. A technical limitation of the lentiviral reporter system is the relatively long interval time for monitoring GR activation (2 h), as the in vivo half-life of luciferase activity was estimated at~102 min (Supplementary Figure 2) . Despite this limitation, we were able to detect a significant increase in GR variability by fluoxetine treatment. The second limitation is the unavailability of a true internal control for GRE-Luc signals. We used the average signal obtained from different animals transduced with the ΔGRE-Luc reporter as the reference for normalization of GRE-Luc signals. For an internal control, the ΔGRE-Luc reporter should be injected into the right hippocampal CA1 region (anterior − 3.6 mm, lateral +2.0 mm, ventral − 2.9 mm) as a counter partner for the GRE-Luc in the left hippocampal CA1 (anterior − 3.6 mm, lateral − 2.0 mm, ventral − 2.9 mm) of the same animal on the basis of coordinates from the bregma and dura mater according to the atlas of Paxinos and Watson. 58 However, the resolution of BLI is insufficient to discern the two signals generated by the reporters with a 4-mm lateral distance (data not shown). This low spatial resolution due to light scattering 59 has made it very difficult to study strategies for generating a true internal control in the same animal. If the signal outputs from the ΔGRE-Luc reporter result in net changes in the response to stress, it is necessary to assess the signals in a corresponding region in the same animal. These changes are nonsignificantly small and can be neglected in the face of distinct changes in the GRE-Luc (Supplementary Figure 4) . The third limitation is the end-point analysis of GR phosphorylation, that is, it was not possible to determine how the phosphorylation changes, especially of pGR (S224), are associated with GR variability and depression-like behaviours. It is tempting to speculate that the dynamic modification of GR phosphorylation underlying the temporal variability of GR activity may be a molecular marker predicting the individual response to antidepressants. 60, 61 In conclusion, this study identified the neurobiological links between the temporal variability of hippocampal GR activity and the therapeutic action of fluoxetine as demonstrated by an increase in temporal variability and its significant correlation with depressive behaviours. These findings provide new mechanistic insights for the development of biomarkers and novel antidepressants.
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